Purpose: This study evaluated a new electron collimation system design for Elekta 6-20 MeV beams, which should reduce applicator weights by 25%-30%. Such reductions, as great as 3.9 kg for the largest applicator, should result in considerably easier handling by members of the radiotherapy team.
Our cancer clinic has seven Elekta Infinity radiotherapy accelerators (MLCi2 treatment head) with matched, custom electron beams spanning 7-20 MeV (R 90 values of 2.0, 2.5, 3.0, 3.5, 4.0, 5.0, and 6.0 AE 0.1 cm) and slightly modified scattering foils. 1, 2 Although they have exceptional in-field flatness laterally (AE3% along major axes; AE4% along diagonals 3 ) and out-of-field leakage doses well below IEC standards 4 for all applicators (6 9 6-25 9 25 cm 2 ), there is opportunity to improve the delivery technology by reducing the weight of the electron applicators, particularly those for larger fields. 5, 6 To that end, an optimization procedure utilizing analytical pencil beam and
Monte Carlo (MC) calculations was developed to design significantly lighter applicators with similar in-field flatness and out-of-field leakage dose as the current ones. Results showed significantly reduced applicator trimmer weights, which should translate to applicator weights for 6 9 6, 10 9 10, 14 9 14, 20 9 20, and 25 9 25-cm 2 applicators for 6-20 MeV beams being reduced by 7.0?5.1, 7.7?
5.8, 9.1?6.7, 10.9?7.6, and 13.4?9.5 kg, respectively. 5 Such reductions should result in considerably easier handling by members of the radiotherapy team.
The purpose of this study was to validate these designs. First, prototype 10 9 10 and 20 9 20-cm 2 applicators were constructed and used to measure weight, in-field flatness, and out-of-field leakage dose. The two applicators were constructed according to previously published design 5 with two minor modifications: (a) lead was substituted for tungsten for trimmer material, which required a 0.32-cm aluminum plate replacing the equivalent lead thickness on the trimmer's downstream surface for structural support, and (b) trimmer outer-edge bevel was approximated by three steps. Second, all five applicators were modeled with the two minor modifications in a MC code for calculation of in-field flatness and out-of-field leakage doses. Results will show that both measurements and calculations exhibited expected weights, in-field flatness, and out-of-field leakage doses.
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Methods used to evaluate the new, lighter electron applicators designed and previously reported by Pitcher et al. 5 are described.
Prototype 10 9 10 and 20 9 20-cm 2 electron applicators with two minor modifications were fabricated and used for dose measurements. Models of all applicators (6 9 6, 10 9 10, 14 9 14, 20 9 20, and 25 9 25-cm 2 ) with the two minor modifications were inserted into a Monte Carlo (MC) calculation for dose calculations using 7, 13, and 20 MeV beams.
2.A | Designs for new, lighter applicators
Pitcher et al. 5 outlined a design procedure for a full set of applicators (6 9 6-25 9 25 cm 2 ) for 6-20 MeV beams. Its 10 9 10 and 20 9 20-cm 2 applicator designs (trimmers and x-ray jaw settings)
provided the basis for a new Elekta electron collimation system with lighter applicators, including 6 9 6, 14 9 14, and 25 9 25-cm 2 applicators. All new applicator designs retained the design parameters from the 10 9 10 and 20 9 20-cm 2 applicators (i.e., trimmer positions, materials, inner-edge divergence angles, outer-edge bevel forming fluence matching off-axis ratios (OARs), and trimmer thicknesses) except for OARs at each trimmers inner edge, as calculated using a pencil beam algorithm. The 6 9 6 and 25 9 25-cm 2 applicators used the same inner-edge OARs as the 10 9 10 and 20 9 20-cm 2 applicators, respectively, for a 6-MeV beam. The 14 9 14-cm 2 applicator inner-edge OARs were linearly interpolated between the 10 9 10 and 20 9 20-cm 2 OARs for a 6-MeV beam. x-ray jaw positions for each energy were determined by linearly interpolating the OARs at the upper trimmer inner edge between the 6-MeV value and 55% at 20 MeV for all applicators (c.f. Table 1 ).
2.B | Fabrication of 10 3 10 and 20 3 20-cm 2 prototype applicators
Prototype 10 9 10 and 20 9 20-cm 2 applicators were fabricated by the Louisiana State University (LSU) Physics and Astronomy machine shop according to the new design specifications summarized above with two minor modifications. First, the prototype trimmers were milled from lead rather than tungsten because of the difficulty in milling tungsten in our shop. Second, the smooth, beveled shape of the trimmer outer edge was approximated by three steps due to the shop not possessing the equipment required to mill the curved shape.
Previous MC studies of electron transmission in lead and tungsten showed that the thicknesses to stop 99% of the electrons in a 20 MeV beam were close, 9.08 and 9.56 g cm À2 , respectively. 6 Although lead is more effective at stopping electrons, it requires a greater thickness due to their densities of 11.3 and 19.0 g cm
respectively. Because of the softness of lead plate the trimmers were backed with a 0.32-cm aluminum plate (2.7 g cm
À3
) for T A B L E 1 Trimmer inner-edge fluence matching OARs for the design of each prototype applicator. were designed divergent to align with the beam's divergence, while the lower trimmer inner edges were designed parallel to central axis.
To fabricate using the available machining equipment, the outeredge bevel was approximated by a series of steps, rather than a smooth curve. Four discrete energies were selected to match the width and thickness of each step: 6, 9, 13, and 20 MeV. The outer edge of each step matched the off-axis position of the specified fluence OAR for the associated beam energy. The thickness of each step was calculated with the same electron energy using the range energy curve developed from the MC 1% threshold analysis. 6 The effect of this modification to the outer-edge bevel can be seen in The resulting, fabricated 10 9 10 and 20 9 20-cm 2 prototype applicators are shown in Figs. 2(a) and 2(b), respectively. The trimmers and attachment plate were separated at appropriate distances from one another using a set of aluminum spacer tubes, which can be seen in Fig. 2 near the corners of each trimmer. Threaded rods were inserted inside these spacing tubes and nuts were tightened on each end to rigidly hold the entire assembly of trimmers and spacing tubes together.
2.C | MC-calculated dose distributions in patient plane for prototype applicators
Each of the designed prototype applicators (6 9 6-25 9 25 cm 2 ) with the minor modifications described above were modeled in BEAMnrc to allow MC calculations of the underlying dose at low, medium, and high energies (7, 13 , and 20 MeV). These dose calculations provided data used to evaluate in-field beam flatness and outof-field leakage dose.
Each of these five applicator designs was modeled in BEAMnrc by inserting them into a previously verified model of our Elekta
Infinity accelerator (MLCi2 treatment head). 
2.D | MC lateral leakage analysis
In addition to the specifications for maximum and mean leakage dose at the patient plane, the IEC 4 specifies that the leakage along the vertical sides of the applicator at a position 2 cm outside the volume contained by the applicator not exceed 10% of D max (maximum dose in water on central axis at 100-cm SSD).
To investigate the leakage dose along the sides of the applicator, a MC investigation was performed with the prototype 10 9 10 and 20 9 20-cm 2 applicators in the Elekta Infinity BEAMnrc model. Simulations were performed with the 7, 13, and 20 MeV beams and phase space data were scored at three different horizontal planes with z positions of 79, 88, and 95 cm. These simulations maintained all source and transport parameters from the previous studies using the BEAMnrc model.
Using these phase space files as source input, DOSXYZnrc was used to calculate the horizontal leakage dose profiles along the side of the applicator. Particles (10 9 histories) were transported through 1 cm of air and dose profiles were calculated in 0.5 9 0.5 9 0.5-cm 3 voxels centered at 1-cm depth in water, such that the z positions of the three dose calculation planes were 81, 90, and 97 cm.
The DOSXYZnrc water phantoms used for these calculations were identical to those used in the other MC studies in this project, except that they were situated at different z positions. To reduce statistical uncertainty, the dose distributions were symmetrized in both the in-plane and cross-plane dimensions by reflecting them about central axis. Each profile was normalized to D max in a water phantom at 100-cm SSD for each beam energy. The calculated dose profiles outside the volume contained by the applicator were analyzed to evaluate the leakage dose along the side of the applicator.
2.E | Measurement of in-field flatness and outof-field leakage dose
A set of off-axis dose measurements was performed to evaluate the prototype collimation system for both the in-field beam flatness and out-of-field leakage dose at the patient plane with the prototype 
Relative dose was assumed equal to relative ionization, i.e., conversion factors from ionization to dose were assumed identical for central-axis and off-axis positions at equal depths. These measurements were used to compare the leakage dose of the prototype collimation system with those of the current clinical Elekta applicators.
In-field flatness was evaluated according to the criteria described by Hogstrom, 3 which states that off-axis dose vary from the centralaxis dose by no more than AE3% along the major axes (in-plane and cross-plane) and AE4% along the diagonal axes. These specifications are assessed at 1 cm depth in water for E p,0 ≤ 9 MeV and 2 cm for E p,0 > 9 MeV within a region 2 cm inside the field edge for the major axes and 2 ffiffiffi 2 p cm for the diagonal axes.
1,3
The out-of-field leakage dose was evaluated according to criteria threshold method equation is slightly less for lead than tungsten. 6 Second, by approximating the outer edge as a series of steps, a small amount of material was removed from the designed bevel shape (c.f. Fig. 1 ).
Once assembled, the full weight (trimmers plus all structural materials, such as the attachment plate, aluminum spacer tubes, and threaded rods) of the prototype 10 9 10 and 20 9 20-cm 2 applicators was measured to be 5.5 and 6.8 kg, respectively. These values do not include the weight of the various components (e.g., the locking mechanism for the field defining inserts and the electronic components associated with the collisional interlocking system), which are present on the current Elekta applicators but not on the fabricated prototype. The full applicator weights of the new design were estimated by adding the difference in the full applicator and trimmer weights of the current Elekta applicators to the trimmer weights of the prototype design. This calculation estimated the full weight of the new 10 9 10 and 20 9 20-cm 2 applicator designs to be 5.8 and 7.6 kg, respectively, compared with 7.7 and 10.9 kg for the current Elekta applicators.
These weight results are listed in Table 2 , which compares the total trimmer weights and full applicator weights of the new design and the current clinical Elekta and Varian applicators for all applicator sizes. The results show that the prototype models surpassed both the current clinical Elekta and Varian designs for all sizes for both total trimmer weight and full applicator weight.
3.B | In-field beam flatness at 100-cm SSD In general, both MC-calculated and measured data show for all energies and applicators that cross-plane profiles (Fig. 7) have greater leakage dose than in-plane profiles (Fig. 6) , presumed due to the increased scatter radiation from the X-ray collimators in the cross-plane direction. 1 The diagonal profiles (Figs. 8 and 9) showed the least leakage dose, presumably due to their greater distance from central axis. Despite the potential benefit of fully understanding the physics of the leakage structure, from a clinical perspective, the important point is whether the applicators meet IEC leakage specifications. Therefore, the mean and maximum percent leakage doses determined from both the MC-calculated and measured data for each beam energy and applicator investigated were calculated and are listed in Table 3 . Varian trimmer weights were estimated as full applicator weight minus 1.5 kg.
c Prototype Elekta full applicator weights were estimated as the prototype trimmer weight, plus the difference in the current Elekta full applicator and trimmer weights. Measured Prototype weights were measured by weighing the fabricated prototypes. The differences from the Full applicator weights are attributed to the electrical and structural components of the Current Elekta applicators' collision interlocking mechanisms not being present on the fabricated prototype design.
Comparison of measured and MC calculated in-plane profiles of relative dose versus off-axis position in water (100-cm SSD) for the prototype 10 9 10 (left column) and 20 9 20-cm 2 (right column) applicators at beam energies of 7 (upper row), 13 (middle row), and 20 MeV (lower row). Profiles are normalized to central-axis dose at the measurement depth; 7-MeV profiles are at 1-cm depth in water; 13 and 20-MeV profiles are at 2-cm depth. The uniformity limit marker ( ) represents the minimum dose at the edge of the uniformity region required to pass our flatness criteria.
Both measured and MC-calculated data in Table 3 show that the prototype applicators produced mean percent leakage doses well below IEC specifications for each beam energy and applicator combination. For example, the measured mean leakage dose at 7 MeV with the 20 9 20-cm 2 applicator had the closest value, being 0.24% below the 1.00% IEC specified maximum. For the MC-calculated mean leakage doses, the 20 MeV beam with the 14 9 14-cm 2 applicator had the closest value, being 0.18% below the 1.34% IEC specified maximum. Similarly, data in Table 3 show that the prototype applicators produced maximum percent leakage dose well below the
Comparison of measured and MC-calculated cross-plane profiles of relative dose versus off-axis position in water (100-cm SSD) with the same comparisons and measurement conditions as Fig. 3 . The calculated profiles all have three common characteristics: (a) there is a general trend of the leakage dose to decrease with T A B L E 3 IEC-specified mean (left columns) and maximum (right columns) leakage doses (percent of D max ) determined from MC-calculated and measured doses for the prototype collimation system (6 9 6-25 9 25 cm 2 ) and 7, 13, and 20 MeV beams. Measured doses are shown only for the fabricated prototype applicators, 10 9 10 and 20 9 20 cm 2 . Bottom two rows show E p,0 values and maximum allowed leakage doses specified by the IEC for each nominal beam energy. 
